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Abstract 

A Nyquisl; ral-e Multi-Clianiiel Bit Serial (MCBS) ADC 
vising successive comparisons is presented. The ADC is 
suited to pixd level implementation in a CMOS image 
sensor. It comprises a 1-bit comparator/lal;ch {)air per 
4 pixels and a D AG/controller shared by Jill pbceLs. A 
CMOS 320 X 240 seiLSor using the MCBS ADC is de- 
scribeid. It aciiieves 8.9 x8i) /mi [)ixel size at 25% fill fa<> 
tor in 0.35 fim CMOS technology. Mea^smed INL/DNL 
for the ADC are 2.3/1.2 LSB at 8-bit. Gain/offset FPN 
dne to ADC are 0.24%/0.2%. 

Introduction 

CMOS technology holds out I he i;>rornise of a single-chip 
digital camera. The simple approach of combining an 
analog CMOS sensor array, a high speed ADC followed 
by a digital signal procu^ssor on a single c^hip, although sig- 
nificantly rednces system cost and power, does not fully 
exi>loir. the potential of integration and technolog\' scal- 
ing. In(.€^gration provides the opportiuiity to rethink the 
ba,sic partil;ioning- of fuiictionahty among the pixel, col- 
umn, and chip levels. 

In this paper we focus on ADC implementation. ADC 
can be performed at the chip level using a high speed 
c;onverter, at the cohimn level using multiple lower speed 
ccmverters, or at thcj pixcjl levcil using very simj)l(i low 
speed (:(mverters. Analysis by .several autliors [1,2] shows 
that pixel level ADC should achieve the highest SNR and 
th(! low(^st power consunipticm, since it is. performed in 
parallel, close to where the signals ;ire generated, and 0{>- 
erates at ver>^ low speed. Unfortunately, none of the well 
estabiislied ADC techniques meets the stringent area and 
pow(?r rtKpiirements for a pixel lev(?l im[)lementation. As 
a resiili. inosi publishe<l work on ADC for image .sensors 
is focused on colunm and cliip level implementations, e.g. 
[2]- 

Few authors took up the challenge of hnplementing 
pixe.l-level ADC [3, 4, 5, 6. 7). In [3, 4, 5] a voltage-- 
to-fTecpierKy (VF) converter is used at each pixel so that 
no analog signals need to be transported. However, smce 
the ADC is performed one row at a time, this method 
is essentially a colunm ADC method rather than a true 



fully parallel pbcel level ADC. In [0, 7] the first true 
pixel level ADC technique is described. The ADC em- 
ploys a one bit EA modulator at e<M:h pixel. The ADCs 
are implemented using very simple and robust circuits, 
and operate in parallel. However, the ira]:>lementation 
Jias .SJ?v(n'al shorl;coinings including: large pixel size, high 
output data due to oversam|)ling, i)oor low liglit perf()r- 
mance and high fixed pattern noise. The large pixel size 
problem quicldy disappears with technology scaling as we 
d(imoiistrjite in tliis paper. In fi"u:t. if photodetectors ani 
to be built on top of a CMOS chip, pixel level ADC may 
reqviire no additional area. 

In t.liis paper, w(j introduce the first: viable Nyquist- 
rate pixel level ADC technique. The te(;hnique, which we 
denote by Multi-Channel Bit Serial (MCBS) ADC uses 
succcissiv^; compariscms to oui;[)Ut one bit at a time si- 
multaneoiLsly frorn all pixels. It can .siiU be implemented 
using simple robust circuits and overcomes the shortcom- 
ings of our EA ADC. Output data rate is rechiced by 
using Nytjiuist rat:(j conversion instea^l of ov(jrsanipling. 
Low light perfonnance is improved to the level of analog 
CMOS sensors by using direct integration instead of con- 
tinuous sampling. Nonuniformity is significaiitly reduced 
by giobjilly distribuiJng the signals needed to operate l:he 
ADC and by performing local autozeroing. The method 
ha-s an additional important ad\rantage; the ADCs can 
b(i fully te>>t(jd by applying electricial signals externally 
instead of light. 

The remainder of this paper is organized as follows. In 
the next section we <lescribe the operation of the MCBS 
ADC. In tlie following section we discuss pixel circuit 
design and layout. Finally we present measured results 
from a 320x240 image sensor with MCBS ADC. 

MCBS ADC Operation 

The severe constraint-s on pixel area and fill faciOT pre- 
clude the use of existuig ADC techniques. Traditional 
bit-|)arall(?l techni(iues such a.s single slope recjuin? an m- 
bit latch at each pixel to imi)lement /n-bit conversicm, 
which is not feasible for typical m vahies. Moreover, bit- 
serial tedmiques such as succes.sive api>roximati(m or al- 
goritlmiic ADC require com[)lex circuits with veiy precnse 



and matched analog c-ompoiieiits. As a rosult. they axe 
also not suited to pixel level implemeritation. 

Beftw'e we (lesciil>e the operation of our MCBS ADC 
we make the following crucial obsers'ation. Note that aii 
ADC maps an aaialog signal 5 into a digital represen- 
tation (codeword) a^icordiiig to a quantization tabl(j. A 
IVbit d ay cfxled exai£\i>le is given in Table L where S 
is assumed to take vahievS in the imit interval (O/I). The 
table lists the alignment of each input range to a 3-bit 
<x)dewor<i. The crucial observai;ion is that we can gener- 
ate each bit of the codeword independently. For example mput2 
consider the generation of the LSB. TYoni the table, the 
LSB is a 1 when S e (|, |] U (|, |) and a 0 otlKjrwise. To ^^p"^! 
generate the LSB, any bit-serial Nyqiiist-rate ADC nuist 
be able to answer the question: is 5 € |] U (|, |] 
7. Thus, the ADC is essentially a one-fletector that indi- 
ca.t(?s the input rang(?s resnh.ing in a 1. lnt(;r(istingly, i;hi.s 
one-detector can be simj)ly implemented using a one-bit 
comparator and a one- bit latch. 



completes stepping through the boundary points, the 
latclied output is read out. I'hen RAMP and BITX 
are reset to zero in jweparation for juiother seciueuce of 
comparisons. The MSB is siniilarh^ generated by com- 
piiriiig S to I and the NMSB is generated by comparing 
S to I and to |. 



S LSB 

1 



7/8 
5/B 
3/8 
i/8 



HAMP 



BITX 



RAMP 




analog 



comparator 



BITX 



ADC Input Range 


Codeword 


O-i 

1 5 
! ! 


0 0 0 


0 0 I 




0 1 1 


1 I , 
t 1 
1 g 


{) 1 0 


110 


I f 

a s 


1 1 1 
1 0 1 
100 



Table 1: Codewords for 7/1^3 

A block diagram of the one-detector, whi<;h constitutes 
one channel of the MCBS ADC is shown in Figure 1. 
The analog signal S is comiected to the positive teinii- 
nal of the comparator, mid the signfU RAMP, which 
is an increasing staircase waveform, is c()nnecl:ed to l;iie 
negative termhial. The output of the comparator fet^ds 
uito the gate of the latch, and the digital signal BITX 
connects to the data terminal of the Intch. To gener- 
ate the LSB, RAMP starts at zero and monotonically 
steps through the boundary points |, |)- At the 
samti time, BITX st>iit;5 at zero aiiti changes whmaver 
RAMP changes^ As soon as RAMP exceeds S, the 
comparator flips, causing the latch to store the BITX 
value just after tiie RAMP changes. The stored value 
is the dc«ir(Ml LSB. Aft(ir i;lie comparator flips, RAMP 
continues on, but since RAMP is monotonic. the com- 
parator flips exactly once so tiiat the latch keeps the de- 
sir(^d value. As shown in Figure I, for input 1, (he com- 
[)arator flips when RAMP steps (,o |, latching BITX, 
which is 0, and for iuput2 a 1 is latched. After RAMP 
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Figure 1: One-dctectov operation. 



Tiiis 3-bit (3xarni)Ie can b(3 efusily gener<iliz(xl to per- 
form any m-])it ADC. To (iuanf;ize 5 to m bits of i>re- 
cision, the unit interval is di\ided into 2"" input ranges 
(2^; ^^TTT^j? 0 < 7 < 2'^'' — !, and eacli range is represented 
by an m-bit codeword. To determine the m-hi\. codeword 
for S, the ADC generates each, bit serially (in any desired 
order). Each bit is generated by answering the question: 
is signal 5 6 A ?, where A is the set of input ranges that 
resuli; in 1. The ADC implements the question by suc;ce.s- 
sive comparisons at the boundary pomts of the ranges in 
A using the onodetector described. The RAMP signal 
st(?ps through the boundary values monotonically, wliile 
BITX indicates the value (0 or 1) of the particula?: range. 
At the end of each sequence of comparisons, the latched 
viilue is read out. 

The nmnber of conipaiisoiis perfonned for each bit 
vaiies, e.g. in the 3-bit example, generating the LSB 
rtjfjiiires 4 coinparisojLs, the NMSB 2 compfmsoiis ami 
the MSB only 1 comparison. It can be sliown lliai; for 
7n-bits of precision, a total of at least 2^* — 1 compar- 
isons are needed for any code, and that the Gray code 
achieves this lowe^ boim(L Tims in addition to being ro 
bust, against single errors, the Gray code filso minimizes 
the immber of conipansons needed. 

AltJiough we a..s.sume(] a uniform fiu;mtizal;ion table in 
oiu discuasion. it is easy to see that our ADC can imple- 
ment any quantization table, e.g. ranges corresponding 
to logijxithmic or gainnia corrcjction functions^, 

A block diagram of the MCBS ADC is shown in Fig- 
ure 2. It comprises a one- detector at eacb pixel or sliared 



'^To meet the setup time lequiienienl of the latch, BITX imisl 
transition slightly belore RAMP ch«nge.s. 



^Iii this CE»se the RAMP »giial should have higher precision 
than 7n. 
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among a group of neighboring pixels. The RAMP and 
BITX ave globally distriinited. The shiued circuits cori- 
sifii; of a simple 5»'t-a(:e-niachine and jui m-bit DAC. The 
stat:(^nia<:hine produces BITX and the input to the DAC 
necessaiy to generate the RAMP signal. 
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Figure 3: Four pixels sharing a one-deteetor circuit. 

nwell) whenever possible. Since a sahcide block mask 
was not available, we attempted to inipro\t; quantum ef- 
ficiency Uvsirig field oxides (nits in the? n'*" diffusion, and 
hence the spiral-shaped photo(iiodes. To prevent light 
induced currents from aff'e<:ting the analog circuitry or 
causing latehnp, we used ineta.l4 as a light sliield every- 
where? excei>t. over the plic»i;()detector.s- 



Figure 2: MCBS ADC iBlock Diagram. 



Pixel Circuit Design 

A .sdienial;ic of f(nir pixels shrirhig a onej-detector circuit 
is shown in Figure 3. The circuit uses 18 transistors. The 
comparator consists of a transconductance amplifier fol- 
lowed by a Wilson current mirror and a cascode output 
load. It. is bia«(id to operate in subthrtrshold to injixi- 
mize giiin and minimize power. The latch operates as 
a 2T DRAM cell where Ml is the write port pass tran- 
sistor and M2 is the read port buffer. Pixel norminfor- 
mity is reducc^d b^'^ sharing the circuit<s that generai;(j th(3 
global signals, which constitute the most complex ADC 
circuits. The nonuiiiformity due to the one-detector cir- 
cuit aris(3S from two s()ui'ctjs: vfuriation in mialog switch- 
ing feedthrough and comparator offset.. Comparator off- 
set is reducai by autozeroing, which is a(;compiLshed by 
storing the offset ralue on the photodiode capacitor by 
briefly turning on M4 after conversion is compkitf^d. 

The layout of a 2x2 pixel block is shown in Fig- 
me 4. The layout is symmetrically organized to reduce 
fixed pattern noLse among the four pixels and to en- 
.sure uuiform spatial sfmipling. This includc^s using iden- 
tical geometry photodiodes with equal spacings among 
them, implementing cai)acitor M5 using four symmet- 
rically ()laced MOS ftnmsi.stors, and ensuring that the? 
photodiodes Viave very similar vidre and trjiiisistor snr- 
rotmdings. The effect of pbcel circuit induced substrate 
noise, e.g. imimct ionization noise, on the n^' ~p.^ub P^^^~ 
todiodes is minimized by using PMOS transistors (in an 




Figure 4: Layout of a 2x2 pixel block. 



A 320x240 Image Sensor 

A 320 X 240 image sensor with the MCBS ADC was de- 
signed and fabricated in a 0.35/i.m CMOS process. The 
chip consists of a 160x120 array of 2x2 [)L\:el blocks. (;;icli 
sharing the one-det.«:tor circuit described, a row decoder, 
column sense amplifiers and multiplexers. The sensor ar- 
ciiitectuve and image readout is very similar to a ROM, 
as described in [7]. The main characterisi ics of the chip 
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are livstecl in Table 2. Since carh oncvdetector is multi- 
plexed among four pixels, the sensor outputs one quarter 
frame? ai; a time. Each quaiter frame is read out one bii; 
plane at a time. 



Technology 


0.35 /jm, 4-layor metal, 




1- layer poly, nwell CMOS 


Sensor Area 


3027 /im X 2328/iin 


Pixel Area 


8.9 jum X S.y^m 


Transistors per pixel 


4.5 (18 per four pixels) 


Fill Factor 


25% 


Package 


224 pill PGA 


Supply Voltage 


3.3 V 



Table 2: 320x240 Area linage Sensor Characteristics 



An important advantage of the MCBS ADC is that it 
is electrically testable. To test the ADC the photodetec- 
tors '<mi disconnected by tiuniiig off all select trausi.slors- 
The oiie-deteictor input (node v5 in Figure 3) is then .set 
to the desired RAMP value by turning on M4, and the 
its out]3ut is read out. The ADC transfer function can 
be det(irmiiuid by sweeping thv. input voltage rauge. Fig- 
ure T) shows i;he measured ADC transfer functions for 16 
pixel blocks. The ADC mea.sured integral and differential 
ncmlinearites ;ure 2.3 LSB and 1.2 LSB at 8 bits, respec- 
tively. The i)LKel gain and oihe'i FPN due to ADC axe 
0.24% and 0.2% respec^tively. 

ADC Transfer Characteristic (I0us) 
300 1— 1 r 1 
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Figure 5: ADC fcrausft^r curve at 10 fis conversion time. 

A s;miple image caputured f)y the .s<^nsor i.s shown in 
Figure 6, We were not able to capture a higher quality 
hnage iis a result of the high MOS transistor leakiige due 
to drain induce?d barrier lowering (DIBL), substrate noise 
due to digital ouliput buffer switching, and the very low 
qutintum efficiency due to salicide. 



Conclusion 

We have introchiced the first viable? Nyquisl; rate pixel 
level ADC technique. The ADC requires very simple and 
robust circuits, which can he implemented in a standard 
CMOS j)rocess. . W(j demoiLstrai.ed e-xperimentally that 
the ADC achieves a high enougli level of i)erforinance for 
image sensor applications. The ADC results in very low 
FPN and can be fully teste^l electrically. We believe that 
this ADC technique goes a Icaig ways towards realizing 
the potential of pixel level ADC. 
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Fig-ure 6: A 160x120 image 
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